Introduction {#Sec1}
============

Topological insulators (TI) as a new class of insulators with time reversal (TR) symmetry and topologically protected surface states have recently drawn much attention in condensed matter physics and materials science^[@CR1]--[@CR9]^. TIs are different from conventional (topologically trivial) band insulators due to the presence of a spin-orbit-driven band inversion in the bulk spectrum, whereby the usual ordering of the conduction and valence bands is inverted in the reciprocal space. The presence of TR symmetry in these systems allows the definition of an Ising or $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ topological index, which mathematically distinguishes the wave functions of TIs from those of ordinary band insulators. The band inversion in the bulk spectrum and the associated non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index ensure that the bulk band structure of three-dimensional (3D) strong TIs is crossed by an odd number of pairs of topologically protected gapless surface states, which come in the form of an odd number of Dirac cones on a given surface. Furthermore, the electron spins in the surface state branches are aligned perpendicular to their momenta contributing an overall Berry's phase of $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi $$\end{document}$ to the fermion wave functions. In addition to various anomalous quantum phenomena and the associated fundamental scientific interest^[@CR10]--[@CR14]^, the topological protection and the non-trivial spin textures of the Dirac-cone-like surface states in TI can be of interest for spintronic and quantum computation applications^[@CR8],[@CR9]^. For other topological systems supporting topologically non-trivial Dirac-cone-like bulk and surface states see refs^[@CR15]--[@CR28]^.

Conventional insulators can also have gapless surface states localized at boundaries separating the bulk insulator from vacuum. However, in contrast to TIs, the surface states of these systems are highly sensitive to disorder, leading to Anderson localization and surface reconstruction. While the surface states in 3D strong TIs are topologically protected by the TR symmetry, even time-reversal-preserving perturbations can eliminate the gapless surface states in topologically trivial band insulators. The topological protection of the surface Dirac cones in 3D strong TIs is a direct consequence of the bulk band inversion. In inversion symmetric systems, the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index of TR-invariant band insulators^[@CR3],[@CR29]^ can be written as the product of the parities of the filled energy bands at the TR-invariant momenta (TRIM). Then, an odd number of inversions between a pair of bands of opposite parities in the bulk lead to a non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index, resulting in gapless, topologically protected, Dirac cone-like surface states at the boundary between 3D TI and vacuum, which can be viewed as a trivial insulating medium. In contrast, the gapless accidental surface Dirac cones which may exist in 3D conventional band insulators enjoy no such protection, and can in principle be gapped out even by TR-preserving perturbations. Thus, a critical examination of the bulk band structure for band inversion, along with examining the stability of surface Dirac cones (if any) to TR-preserving perturbations, constitute a strong diagnostic test for determining the topological character of 3D TR-invariant insulators. In this paper, we examine the presence of bulk band inversion and stability of surface Dirac cones in LaSb as well as LaBi, a proven $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal, in order to resolve the existing disagreements among various groups regarding the topological character of LaSb through our first-principles calculations. Detailed *ab initio* calculation of the bulk and surface band structures of a multilayer consisting of alternating unit cells of LaSb and LaBi confirm the topological properties of such a multilayer, despite the fact that LaSb itself is topologically trivial. Such artificially engineered topological multilayer heterostructure can be a promising playground for realizing novel topological functionalities and device applications.

The proposal of topological nature of lanthanum monopnictides (LaX: X = N, P, As, Sb, Bi) by Zeng *et al*.^[@CR30]^ ignited enormous interest, which led to thorough investigations of the topological aspects of rare-earth monopnictides^[@CR31]--[@CR35]^. Among them, LaSb and LaBi have been classified as extreme magnetoresistive (XMR) materials with unusual resistivity plateau^[@CR36],[@CR37]^. Both theoretical and experimental studies have confirmed the topologically non-trivial nature of LaBi supported by the presence of a band inversion in the bulk band structure, though there are some controversies on the number and nature of the surface Dirac cones^[@CR38],[@CR39]^. However, the topological character of LaSb remains highly debatable. The first-principles calculations of the bulk band structure using semi-local functionals, for example, GGA (generalized gradient approximation) or LDA (local density approximation) along with spin-orbit coupling, shows that bulk LaSb is topologically non-trivial due to the presence of band inversion near the *X*-point^[@CR31]^. However, the meta-GGA calculation with modified Becke Johnson (mBJ) potential obliterates the bulk band inversion and renders LaSb topologically trivial^[@CR31]^. On the other hand, Niu *et al*.^[@CR40]^ have found Dirac cones at the (001) surface using VUV-ARPES experiments. However, the ARPES study by Zeng *et al*.^[@CR41]^ suggests topologically trivial nature of LaSb, raising further apprehensions about the disagreements among various groups regarding the topological character of LaSb.

Recent bulk sensitive ARPES experiments using soft-x-ray photons by Oinuma *et al*.^[@CR42]^ have shown that there is no band inversion present in the bulk band structure of LaSb, leading to the conjecture that the Dirac-cone-like features on the (001) surface may be topologically trivial. However, to the best of our knowledge, till date no slab calculation examining the surface band structure of LaSb exists which can confirm the actual topological character of LaSb surface states. First-principles calculations of the bulk band structure confirming the presence or absence of band inversion, along with examining the robustness of surface Dirac cones, if any, to TR-preserving perturbations, are needed to ascertain the true topological character of LaSb in comparison to LaBi, which is known as a topologically non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal^[@CR38],[@CR39]^.

In this work, we first calculate the bulk band structures of LaSb and LaBi with and without the meta-GGA functional to check the robustness of the band inversions. Although LDA + SO calculations for LaSb show clear evidence of band inversion, adding an mBJ potential to our spin-orbit incorporated LDA calculations for bulk LaSb we no longer observe any signature of bulk band inversion. By contrast, even upon including the mBJ potential in the LDA + SO calculation for LaBi, we find that the bulk band inversion survives and in fact is further consolidated by reducing the gap between the conduction and the valence bands. We then proceed to analyze the surface states of LaSb with our slab calculations and find an odd number of Dirac cones on the (001) surface. Crucially, to check the stability of the surface Dirac cone, we apply a time-reversal-preserving perturbation in the form of uniaxial strain, which results in a gapped surface state spectrum in LaSb. This leads us to conclude that the unusual Dirac-cone-like surface states previously observed in LaSb by VUV-ARPES experiments^[@CR40]^ are topologically trivial and arise due to accidental degeneracy. By contrast, we find that the gapless surface state Dirac spectrum in LaBi remains stable when subjected to the same TR-preserving perturbations. To the best of our knowledge, the stability of the Dirac cones found in the (001) surface spectrum of LaBi against TR-preserving perturbations has not been put to test previously. Comparing and contrasting the bulk as well as slab calculations for LaSb and LaBi, where the latter is a known topological $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal^[@CR38],[@CR39]^, captures the crucial difference between the two systems regarding the topological robustness of band inversion and surface Dirac cones, substantiating our conclusion about the topological character of LaSb.

After probing the topological properties of LaSb and LaBi individually, including the respective slab calculations, we study a multilayer heterostructure fabricated from these two systems, with an objective to tune the topological properties of LaSb. To that end, we have constructed a multilayer consisting of alternate unit cells of LaSb and LaBi stacked along the (001) direction. Interestingly, the LDA calculation including spin-orbit coupling (SOC) shows that the conduction band and the valence band get inverted near the *X*-point in the bulk Brillouin zone, which survives the effect of mBJ potential. In order to confirm the topological nature of the multilayer, we also calculate the (001)-projected surface band dispersion. An odd number of Dirac cones appears near the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point, which remains gapless even under the influence of a TR-preserving perturbation, which confirms the topologically robust nature of the LaSb-LaBi heterostructure. Our prediction of a new topological multilayer heterostructure involving LaSb and LaBi holds promise of new device applications where functionalities can be manipulated by chemical substitution and/or altering the stacking sequence of layers in a multilayer.

The paper is organized as follows. In section II, we present the computational methods used for the band structure calculations. The bulk and surface spectra of LaSb are calculated and presented in section III. In section IV, we discuss the bulk as well as surface band structures of LaBi, which is a known $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal^[@CR38],[@CR39]^, and compare them with those of LaSb. In contrast to LaSb, we find that the bulk band inversion survives in LaBi even after adding the mBJ potential on the spin-orbit incorporated LDA calculations. Moreover, in LaBi the surface Dirac cone found at the (001)-$\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point survives the effect of a TR-preserving perturbation. This robustness of the surface states against TR-preserving perturbations is a signature of the topologically non-trivial nature of LaBi while we find that LaSb is topologically trivial. In section V, we consider a heterostructure made of alternating unit cells of LaSb and LaBi along the (001) direction. Presence of bulk band inversion, appearance of an odd number of gapless Dirac cones at the (001) surface, and the robustness of the surface Dirac cones to TR-preserving perturbations establish the topologically non-trivial nature of LaSb-LaBi multilayer heterostructure.

Bulk and Surface Spectrum of LaSb {#Sec2}
=================================

Bulk band structure of LaSb {#Sec3}
---------------------------

LaSb is known to crystallize in a face centered cubic structure belonging to the space group $\documentclass[12pt]{minimal}
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                \begin{document}$$Fm\bar{3}m$$\end{document}$ (No. 225) in which the La and Sb atoms occupy (0, 0, 0) and $\documentclass[12pt]{minimal}
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                \begin{document}$$(\frac{1}{2},\,\frac{1}{2},\,\frac{1}{2})$$\end{document}$ positions respectively. The equilibrium lattice parameter *a* = 6.402 Å, obtained after volume optimization, is used for the band structure calculations. The crystal structure of LaSb and the bulk Brillouin zone are shown in Fig. [1](#Fig1){ref-type="fig"}.Figure 1(**a**) The FCC unit cells of LaSb or LaBi. The green spheres denote the La atoms and the blue spheres are the Sb or Bi atoms. (**b**) FCC bulk Brillouin zone. *a*^\*^, *b*^\*^, *c*^\*^ denote the reciprocal lattice vectors.

From the bulk band structure calculated with LDA functional, as shown in Fig. [2(a)](#Fig2){ref-type="fig"}, we find that three doubly degenerate bands (*λ*, *η* and *ξ*) pass the Fermi level creating one electron pocket (*λ*) and two hole pockets (*η* and *ξ*). The conduction band (CB) and the valence band (VB) come very close to each other near the *X* point when SO is incorporated on the LDA calculation, thus giving rise to a band inversion between the Γ and *X* point. CB and VB change their orbital characters while crossing the point of band inversion. Contribution to the band inversion comes from the parity even La-5d orbitals and the odd parity Sb-5p orbitals as obtained from the band character plots (Fig. [2](#Fig2){ref-type="fig"}).Figure 2Calculated bulk band structures of LaSb with (**a**) LDA functional and (**b**) mBJLDA functional along the high symmetry k-path ($\documentclass[12pt]{minimal}
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                \begin{document}$$W-L-{\rm{\Gamma }}-X-W-K$$\end{document}$) shown in Fig. [1(b)](#Fig1){ref-type="fig"}. Here, the red dots indicate the contribution of the La 5d orbitals and the blue dots show the contribution of the Sb 5p orbitals. The band inversion as indicated by the switching of the Sb-5p and La-5d orbitals between the valence and the conduction bands in (**a**) is removed by the inclusion of the mBJ potential in (**b**).

However, inclusion of the mBJ potential corrects the gap between the conduction and the valence band locally and consequently obliterates the band inversion. Appropriation of the meta-GGA potential results in valence band of p-character and conduction band of d-character with the separation between them increased, which is in agreement with the previous first-principles calculations of LaSb^[@CR31]^ and supports the experimental findings of Oinuma *et al*.^[@CR42]^. Here, it is important to point out that the LDA as well as GGA approximations tend to underestimate the band gap. Now, if the material has a small positive band gap, these approximations may underestimate and result in a negative value of the band gap, leading to an erroneous prediction of a band inversion when in reality there is none^[@CR43]^. Therefore, a proper investigation would necessitate a DFT + GW calculation for the proper band separation. However, GW or other hybrid functionals are computationally very expensive and mBJLDA has been proved to be a much more inexpensive and reliable alternative as shown here.

Surface band structure of LaSb {#Sec4}
------------------------------

Although the mBJLDA + SO calculation shows that LaSb is topologically trivial due to the absence of bulk band inversion, controversies still persist regarding the topological nature of LaSb because of the presence of surface Dirac cones previously observed in VUV-ARPES experiments^[@CR40]^. This necessitates a thorough study of the LaSb surface states and their response to small perturbations. To that end, we have performed a slab calculation to investigate the (001) surface band dispersion along the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{X}$$\end{document}$ direction using a 18-layer slab separated by 10 Å vacuum. The (001) surface Brillouin zone and band structure are shown in Fig. [3](#Fig3){ref-type="fig"}. It is found that although the bulk band structure (using mBJ potential) does not show any band inversion, the (001) projected surface contains a Dirac cone at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point, showing that LaSb may have a non-trivial topological character due to the presence of odd number of Dirac points on the surface. This result supports the VUV-ARPES experimental findings by Niu *et al*.^[@CR40]^.Figure 3(**a**) Projection of the (001) surface Brillouin zone. *a*^\*^ and *b*^\*^ denote the reciprocal lattice vectors.(**b**) The surface band structure of LaSb along the high symmetry k-path ($\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{X}$$\end{document}$) as shown in (**a**). The Dirac point is encircled and is denoted by DP. Presence of odd number of gapless Dirac cones at the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{M}$$\end{document}$-point on the (001) surface suggests that LaSb may have a non-trivial topological character.

Now for a 3D TR-preserving system to be topologically non-trivial, the most important signature should come from the response of its surface states to TR-preserving perturbations. Therefore, if LaSb were topologically non-trivial, the Dirac point found at the (001) surface of LaSb should be robust against small perturbations as long as the perturbation is invariant under time reversal symmetry. In order to check the stability of the Dirac cone at the (001) surface band, we use uniaxial stress as perturbation, which is manifestly invariant under time reversal. We simulate the effect of uniaxial stress in our slab calculations for LaSb by tuning the *c*/*a* ratio of the slab. Increasing the *c*/*a* ratio by ∼2%, as shown in Fig. [4(a)](#Fig4){ref-type="fig"}, naively it appears that the Dirac cone survives at the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{M}$$\end{document}$ point of the surface Brillouin zone of LaSb. However, as shown in Fig. [4(b)](#Fig4){ref-type="fig"}, closer inspection of the Dirac-like gap closing at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point in the surface Brillouin zone reveals that a non-zero gap (∼0.01 meV) appears between the valence and the conduction bands at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point, which were crossing initially in the absence of the perturbation (see Fig. [3](#Fig3){ref-type="fig"}). The accuracy of our slab calculations with and without the perturbation, and reality of the avoided band crossing and associated small gap found between the conduction and valence bands at $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point in the presence of uniaxial stress, are further confirmed in the next section where we show that similar calculations for LaBi, which is a known $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal^[@CR38],[@CR39]^, preserve both the bulk band inversion and the surface Dirac cone even in the presence of TR-preserving perturbations.Figure 4(**a**) Perturbed (001) surface band structure of LaSb and (**b**) The corresponding Dirac cone at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point. The Dirac cone becomes gapped on the application of a small TR-preserving perturbation, indicating the Dirac cone at the unperturbed (001) surface (Fig. [3(b)](#Fig3){ref-type="fig"}) was a result of accidental degeneracy, thus confirming the topologically trivial nature of LaSb.

While commenting on such subtle changes the numerical accuracy of the calculation and the step sizes are of paramount importance. However, since the gap opening takes place at $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point, a high symmetry point of the slab Brillouin zone, this point is always accounted for. Still we vary the step sizes of the k-mesh and arrive at this unambiguous conclusion.

Bulk and Surface Spectrum of LaBi {#Sec5}
=================================

Bulk band structure of LaBi {#Sec6}
---------------------------

To further crosscheck our findings about LaSb, we perform similar calculations on LaBi, which is a known $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ topological semimetal. LaBi has the same crystal structure as that of LaSb (Fig. [1(a)](#Fig1){ref-type="fig"}). Our optimized lattice parameter *a* = 6.493 Å matches well with the experimental value of 6.5799 Å. The band structures calculated along the high symmetry directions of the bulk Brillouin zone (Fig. [1(b)](#Fig1){ref-type="fig"}) are shown in Fig. [5](#Fig5){ref-type="fig"}. Though Bi and Sb belong to the same group (group 15) in the periodic table, Bi has larger atomic radius and is heavier compared to Sb. As a result, the SO coupling strength is larger in LaBi, causing the energy gap between the CB and the VB along the Γ − *X* direction more prominent.Figure 5Calculated bulk band structures of LaBi with (**a**) LDA functional and (**b**) mBJLDA functional along the high symmetry k-path ($\documentclass[12pt]{minimal}
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                \begin{document}$$W-L-{\rm{\Gamma }}-X-W-K$$\end{document}$) shown in Fig. [1(b)](#Fig1){ref-type="fig"}. Here, the red dots indicate the contribution of the La 5d orbitals and the blue dots show the contribution of the Bi 6p orbitals. The band inversion as indicated by the switching of the Bi-6p and La-5d orbitals between the valence and the conduction bands in (**a**) is still preserved and is in fact further consolidated in (**b**).

Similar to the case of LaSb, the inclusion of mBJ potential on the LDA + SO calculation results in modifications in the bulk band structure. As can be seen from Fig. [5](#Fig5){ref-type="fig"}, with the mBJ potential the top of the valence band at the Γ-point is pushed downward and the conduction band minimum near the *X*-point is shifted upward. However, the band inversion is still preserved and is in fact further consolidated by reducing the gap between the conduction band and the valence band as shown in Fig. [5(b)](#Fig5){ref-type="fig"} ^[@CR31]^. This behavior is very different from the band structure of LaSb, where the inclusion of the mBJ potential removes the bulk band inversion from the Brillouin zone corner as shown in Fig. [2](#Fig2){ref-type="fig"}.

Surface band structure of LaBi {#Sec7}
------------------------------

Calculating the (001) surface bands of LaBi along the same *k*-path as shown in Fig. [3(a)](#Fig3){ref-type="fig"}, we find that the surface band structure of LaBi is similar to that of LaSb and it contains a Dirac cone at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point. In this case, however, we find that applying a uniaxial strain perturbation by way of increasing the *c*/*a* ratio in our slab calculations does not significantly change the surface band structure. In particular, we find that the Dirac point at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point in the Brillouin zone remains stable even when subjected to perturbations as long as the system remains time reversal invariant. Since LaBi is topologically non-trivial and possesses a non-zero $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index^[@CR38],[@CR44]^, the Dirac point at the surface is robust and remains stable when we change the $\documentclass[12pt]{minimal}
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                \begin{document}$$c/a$$\end{document}$ ratio in our slab calculations (Fig. [6(c)](#Fig6){ref-type="fig"}). This robustness of the surface states bears testimony to the topological nature of the system.Figure 6(**a**) Unperturbed (001) surface band structure of LaBi. The Dirac point (DP) found at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point is encircled. (**b**) (001) surface band structure of LaBi when the *c*/*a* ratio of the slab is changed by ∼2%. (**c**) Corresponding Dirac cone at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point remains stable even after the application of a TR-preserving perturbation. This robustness of the surface states bears testimony to the topological nature of LaBi in contrast to LaSb.

By contrast, the Dirac-like surface states of LaSb are fragile and become unstable under small perturbation even in the presence of time reversal symmetry. This proves that the Dirac-cone-like surface states previously observed in both theory and experiment at the (001) surface in LaSb are accidental and LaSb is topologically trivial, i.e., band inversion is absent in bulk LaSb, as also inferred in experiments by Oinuma *et al*.^[@CR42]^.

We also perform the (001) surface band structure calculations for two different slabs with 22 layers and 26 layers containing 44 and 52 atoms respectively. Our slab calculations along the high symmetry directions ($\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{X}$$\end{document}$) for slabs of different thickness show that in all cases the Dirac cone appears at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}), thus substantiating that the Dirac cone is a common feature independent of the choice of slab thickness.

LaSb/LaBi Multilayer {#Sec8}
====================

Crystal Structure {#Sec9}
-----------------

We construct a multilayer by considering a 1 × 1 × 2 supercell consisting of alternate unit cells of LaSb and LaBi stacked along the (001) direction as shown in Fig. [7](#Fig7){ref-type="fig"}. The multilayer forms a tetragonal structure with space group symmetry *P*4/*nmm* (No. 129).Figure 71 × 1 × 2 supercell of LaSb/LaBi consisting of alternate unit cells of LaSb and LaBi.

Electronic structure {#Sec10}
--------------------

### Bulk energy spectrum of LaSb/LaBi multilayer {#Sec11}

The bulk band structure of the multilayer is calculated using the optimized lattice parameters *a* = 4.561 Å and *c* = 12.899 Å along the high-symmetry directions in the Brillouin zone (Fig. [8(a)](#Fig8){ref-type="fig"}) using the SO incorporated LDA functional. The bulk Brillouin zone and the calculated bulk band structure along the high symmetry directions ($\documentclass[12pt]{minimal}
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                \begin{document}$$A-R-{\rm{\Gamma }}-M-X$$\end{document}$) are shown in Fig. [8](#Fig8){ref-type="fig"}. We find that, four doubly degenerate bands cross the Fermi level (*E*~*F*~) creating two hole pockets (*α* and *β*) around the Γ-point and two electron pockets (*γ* and *δ*) around the *M*-point, showing the ambipolar nature of the heterostructure. Band character plots of the four bands show that positive parity *β* band and negative parity γ band get inverted along the Γ − *M* direction. Contribution to the band inversion comes from La-5d orbitals and the p orbitals of Bi and Sb.Figure 8(**a**) The bulk Brillouin zone of the LaSb/LaBi heterostructure. Here, *a*^\*^, *b*^\*^, *c*^\*^ denote the reciprocal lattice vectors. (**b**) Bulk band structure along the high symmetry directions ($\documentclass[12pt]{minimal}
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                \begin{document}$$A-R-{\rm{\Gamma }}-M-X$$\end{document}$) calculated using mBJLDA functional when the SOC axis is parallel to the (001) direction. The contribution of La-d orbitals are shown by red dots and the contribution of the Bi/Sb-p orbitals are denoted by blue dots. *β* and *γ* band get inverted near the *X*-point as indicated by the switching of the orbital characters along the $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Gamma }}-M$$\end{document}$ direction.

When we include the mBJ functional on our SO incorporated LDA band structure calculations, we find that the valence bands near the Γ-point shift downwards, while the conduction bands near the *M*-point move upwards. However, the band inversion is still preserved with the inclusion of mBJ potential, indicating the topologically non-trivial nature of the LaSb/LaBi heterostructure.

It has already been theoretically and experimentally verified that LaBi is a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal with compensated electron and hole contributions^[@CR31],[@CR38],[@CR39],[@CR44]^, while LaSb is topologically trivial but exhibits extremely large magnetoresistance^[@CR31],[@CR41]^. Our mBJLDA + SO calculations reveal that their multilayer has a non-trivial topological character.

### Surface band structure of LaSb/LaBi multilayer {#Sec12}

Since the mBJLDA + SO calculated bulk band structure shows the presence of band inversion, the probe of surface states becomes indispensable. To confirm the topologically non-trivial character of the LaSb/LaBi heterostructure, we investigate the (001)-projected surface band structure using slab method. We construct 16 layer and 20 layer thick slabs containing 32 atoms and 40 atoms respectively and separated by 20 Å vacuum from the real space. The (001)-projected surface Brillouin zone and the LDA + SO surface band dispersions along the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{X}-M-\bar{{\rm{\Gamma }}}-X$$\end{document}$ direction are shown in Fig. [9](#Fig9){ref-type="fig"}. Investigation of Fig. [9(b) and (c)](#Fig9){ref-type="fig"} reveals that a massless Dirac cone appears at the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{M}$$\end{document}$-point in each case. Appearance of odd number of Dirac cones on the (001) surface suggests that the multilayer consisting of alternate unit cells of topological semimetal LaBi and topologically trivial semimetal LaSb is analogous to the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal LaBi and possesses a non-trivial topological character.Figure 9(**a**) The (001)-projected surface Brillouin zone of the LaSb/LaBi multilayer. *a*^\*^ and *b*^\*^ denote the reciprocal lattice vectors. The surface band dispersions for (**b**) 16 layer and (**c**) 20 layer thick slabs along the high symmetry directions ($\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{X}-M-\bar{{\rm{\Gamma }}}-X$$\end{document}$) shown in (**a**) calculated using LDA functional and including SO coupling. A Dirac cone appears at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point in each case, which indicates the topologically non-trivial nature of the multilayer. The Dirac point is denoted by DP.

In order to verify the surface-state origin of the Dirac-cone-like feature observed at the (001) surface, we evaluate the atomic weight factors of the bands shown in Fig. [9(c)](#Fig9){ref-type="fig"}. Calculations of the atomic weight factors for the topmost, second topmost, third topmost and the central bulk layer reveal that the contribution to the Dirac cone bands at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point mainly comes from the atoms in the topmost (surface) layer. In Fig. [10](#Fig10){ref-type="fig"}, the atomic weights of the bands are shown by the line intensity. As seen, the intensity at the Dirac point (DP) is maximum for the topmost (surface) layer, indicating the surface-state origin of the Dirac cone, which in turn implies that the Dirac cone observed at the (001) surface of the LaSb/LaBi multilayer is topologically protected and will be robust against time-reversal-preserving perturbations.Figure 10Atomic weights factors of the bands shown in Fig. [9(c)](#Fig9){ref-type="fig"} for a 20 layer thick slab. The atomic weights for the (**a**) topmost, (**b**) second topmost, (**c**) third topmost and the (**d**) central bulk layer are given by the line intensity. As seen, the intensity at the Dirac point (DP) is maximum for the topmost (surface) layer i.e. the contribution to the Dirac cone bands at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point mainly comes from the atoms in the topmost (surface) layer, indicating the surface-state origin of the Dirac cone observed at the (001) surface of the LaSb/LaBi multilayer.

Applying a small time-reversal-preserving perturbation to the surface states of the multilayer in the form of a uniaxial strain, we find that the Dirac cone at the (001) surface $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point remains unaffected. The robustness of the surface states against small TR-preserving perturbations (\~2% change in the *c/a* ratio of the slab) confirms the topologically non-trivial nature of the multilayer containing alternate unit cells of LaSb and LaBi.
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index {#Sec13}
---------------------------------------------------------------------------
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ indices that characterize a topological insulator and distinguish two different types of topological classes, strong topological insulators (STI) and weak topological insulators (WTI)^[@CR29]^. The topological properties of the STIs are robust against time-reversal-preserving perturbations, whereas, the topological character of the WTIs can be destroyed by disorders. According to Fu and Kane^[@CR29]^, $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index of a 3D topological insulator can be calculated by considering the parity product of the valence bands at the eight time-reversal-invariant momentum (TRIM) points if the system preserves both time-reversal symmetry (TRS) and inversion symmetry (IS).

Investigation of the bulk band structures of LaSb, LaBi and LaSb-LaBi heterostructure (Figs [2](#Fig2){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [8](#Fig8){ref-type="fig"}) reveals that at each *k*-point the conduction band and the valence band are gapped, though there is no indirect gap at the Fermi level. This allows us to define $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index for these materials. Therefore, to verify the topological character of LaSb, LaBi and their multilayer, we calculate the first $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ topological invariant *v*~0~, which is robust against time-reversal-preserving perturbations, using the following relation:^[@CR29]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${(-\mathrm{1)}}^{{\nu }_{0}}=\prod _{n=1}^{8}{\delta }_{n}$$\end{document}$$where, *δ*~*n*~ is the parity product of the valence bands at the *n*-th TRIM point.

For the calculation of *v*~0~, we consider only the *λ*, *η* and *ξ* bands of LaSb and LaBi (in Figs [2](#Fig2){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) and the *α*, *β*, *γ*, *δ* bands of the LaSb/LaBi heterostructure (as given in Fig. [8(b)](#Fig8){ref-type="fig"}), since other bands are isolated and are topologically trivial. FCC Brillouin zone (Fig. [1(b)](#Fig1){ref-type="fig"}) contains three sets of TRIM points: one Γ, four *L* and three *X*. On the other hand, the TRIM points of a tetragonal Brillouin zone (Fig. [8(a)](#Fig8){ref-type="fig"}) include one Γ, one *A*, one *M*, two *R*, two *X* and one *Z*. Calculating the parity products (*δ*~*n*~) of the relevant bands at the TRIM points, we determine the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ invariant for LaSb, LaBi and LaSb-LaBi heterostructure, as shown in Table [1](#Tab1){ref-type="table"}. From Table [1](#Tab1){ref-type="table"}, we find that LaBi^[@CR38],[@CR44]^ and LaSb/LaBi multilayer possess a non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ topological invariant when we use both LDA and mBJLDA functionals, which is consistent with our (001) surface band structure calculations. However, in case of LaSb, inclusion of the mBJLDA functional changes the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index from 1 to 0, confirming that LaBi and LaSb-LaBi multilayer are topologically non-trivial, whereas, LaSb is topologically trivial with accidental Dirac cones on the (001) surface. The parities of the relevant bands are shown in Supplementary Fig. [S2](#MOESM1){ref-type="media"}.Table 1Calculation of $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index for LaSb, LaBi and their heterostructure with LDA + SO and mBJLDA + SO functionals using Eq. [1](#Equ1){ref-type=""}.LaSbLaBiLaSb/LaBi multilayerTRIM points*δ* ~*m*~*v* ~0~TRIM points*δ* ~*m*~*v* ~0~TRIM points*δ* ~*m*~*v* ~0~with LDA + SO functional1Γ−11*A*+1Γ+1Γ+1*M*−4*L*+14*L*+12*R*+3*X*−3*X*−2*X*+1*Z*−with mBJLDA + SO functional1Γ−11*A*+1Γ+1Γ+1*M*−4*L*+04*L*+12*R*+3*X*+3*X*−2*X*+1*Z*−As seen, LaBi^[@CR38],[@CR44]^ and LaSb/LaBi heterostructure possess a non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index *v*~0~ = 1, indicating their non-trivial topological character. On the other hand, *v*~0~ changes from 1 to 0 for LaSb, when we introduce the mBJ potential, thus confirming the topologically trivial nature of LaSb.

Summary and Conclusion {#Sec14}
======================

In conclusion, we have examined the presence or absence of an odd number of band inversions between bands of different parities in the bulk band structure of LaSb, LaBi and their multilayer, along with the stability of unusual Dirac-cone-like surface states against time reversal symmetric perturbations. We have determined the $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ invariant for all our systems to validate our conclusions from the bulk and surface band structure calculations. The presence of an odd number of band inversions between bands of different parities in parity-symmetric systems^[@CR29]^ mathematically translates into a non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index. A non-trivial $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ index in turn implies the presence of topologically protected gapless surface states at boundaries separating the bulk spectrum from vacuum, which can be viewed as a topologically trivial insulator. Conversely, the absence of band inversion in the bulk insulator should imply topologically trivial surface states, if at all, which should be extremely sensitive to perturbations even in the presence of time reversal symmetry. We apply these ideas to resolve the existing disagreements among various groups regarding the topological property of LaSb comparing it with LaBi, which is a known $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal, by first-principles calculations.

We have calculated the bulk band structure of LaSb using both LDA and mBJLDA exchange functionals including the effect of spin-orbit coupling. We find that the band inversion is wiped out in LaSb when we include the mBJ potential, which was initially present when we used the LDA functional. The absence of band inversion in the bulk suggests that LaSb should not have topologically protected surface states. However, the (001) projected surface band structure calculations of LaSb show the presence of odd number of Dirac cones, a result also supported experimentally^[@CR40]^. More recently, bulk sensitive ARPES experiments using soft-x-ray photons by Oinuma *et al*.^[@CR42]^ have shown that there is no bulk band inversion present in LaSb and CeSb, contradicting the previous VUV-ARPES experiments^[@CR40]^ which found unusual Dirac-cone-like surface states in LaSb. Motivated by these existing disagreements, we revisit the question of topological band structure of LaSb and LaBi, focusing in particular on the bulk band inversion and the stability of surface Dirac cones. We find that not only does the bulk band inversion disappears in LaSb upon inclusion of the mBJ potential, but also a time-reversal-preserving perturbation such as uniaxial strain in the form of a change in the *c*/*a* ratio in our slab calculation removes the linearly dispersive Dirac cone from the (001) surface when the ratio is increased by ∼2%. However, similar calculations for LaBi show that the band inversion in the bulk band structure is unaffected by the introduction of the mBJ potential. Furthermore, we find that a time-reversal-symmetric perturbation such as uniaxial strain on the (001) surface states of LaBi does not change the shape or nature of the Dirac cone located at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$ point. These calculations are consistent with the topologically non-trivial nature of LaBi, which is a 3D topological $\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathbb{Z}}}_{2}$$\end{document}$ semimetal, while we conclude that the extreme magnetoresistive compound LaSb is topologically trivial, with unusual Dirac-cone-like surface states which can only be accidental.

On the other hand, our mBJLDA + SO calculations show that a multilayer formed by alternating unit cells of LaSb and LaBi has clear band inversion near the *M*-point in the bulk band structure. Investigation of the (001) surface states of the heterostructure confirms the presence of a Dirac cone at the (001) $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{M}$$\end{document}$-point in the surface Brillouin zone of the multilayer. We also confirm the robustness of the surface Dirac cone to TR-preserving perturbations, establishing the topologically non-trivial properties of the multilayer, which can potentially be used for device applications by chemical substitution and/or alteration of the stacking sequence of multilayer. This kind of topologically protected heterostructure, with possible extreme magnetoresistive properties co-existing with topologically non-trivial band structure, provides us with an avenue to design new materials with novel functionalities that can be engineered in the laboratory.

Methods {#Sec15}
=======

In order to determine the presence or absence of bulk band inversion in LaSb, LaBi and their heterostructure, we adopt the all electron full potential linearized augmented plane wave (FLAPW) method for performing the band structure calculations using WIEN2K code^[@CR45]^. For the exchange correlation part, local density approximation (LDA) and modified Becke Johnson (mBJ) potential^[@CR46]^ are used. At first, we have optimized the structures using LDA functional to get the equilibrium lattice parameters. The mBJ corrects the conventional LDA or GGA type of exchange correlations by incorporating the effect of hole or unoccupied states, hence improving the separation between the levels present near the Fermi level (E~F~). mBJLDA has proved to be a much cheaper alternative to very expensive GW calculations, while yielding almost similar accuracy^[@CR47]^. To that end, we have performed mBJLDA calculations on the optimized structures.

Effect of spin-orbit (SO) coupling has been accounted for through a second variational procedure, where states up to 9 Rydberg (Ry) above E~F~ are included in the basis expansion, and the relativistic p~1/2~ corrections have been incorporated for the 5p and 6p orbitals to enhance the accuracy. A 20 × 20 × 20 k-mesh is used for the whole Brillouin zone. For the partial waves inside the muffin tin spheres we use *L*~*max*~ = 12 and for the charge Fourier expansion we take $\documentclass[12pt]{minimal}
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                \begin{document}$${G}_{max}\mathrm{=14}$$\end{document}$ bohr ^−1^. For higher accuracy, the radius of the muffin tin (*RMT*) spheres are chosen such that $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{max}\times RMT$$\end{document}$ = 9.5, where *K*~*max*~ is the plane wave momentum cut-off. We have done fat band analysis to obtain the orbital character of the bands.

Finally, to calculate the surface band dispersions of LaSb, LaBi and the LaSb-LaBi multilayer, we have performed slab calculations using a thick slab separated by vacuum from the supercells in the real space.
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